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SYNOPSIS 

The present dissertation deals with the analysis of "the 
rate of material removal in ultrasonic machining considering the di- 
rect impact of abrasive grains on the workpiece . The non-uniformity 
in the size of the abrasive grains has been taken into consideration 
by using a statistical distribution for the diameter of the abrasive 
particles, assumed to be spherical. A general expression for the 
rate of material removal due to the active grains taking part in the 
process has been obtained. 

Experiments have been conducted on an Ultrasonic Drilling 
Machine to study the effect of frequency, static force and concen- 
tra,tion of abrasive slurry on the cutting rate. Theoretically 
calculated values have been compared with the experimental results. 



CHIP TEE I 


nTTEOIHCTIQU 

Current techniquee for machining of conmon materials are 
hi^ly developed. In recent years, machine tools have been greatly 
improved with the result that it is possible to solve many of the 
varied and complex problems raised by rapid advances in technology. 

However, materials like tungsten and titanium carbides, 
diamonds, hard steels, magnetic alloys and corundum, being very hard 
and strong, are difficult to machine. Materials like germanium, sili- 
con, ferrites, ceramics, glass and quartz, are unable to withstand the 
forces needed for machining due to their brittleness. Ultrasonic ma- 
chining is one of the methods used for machining such materials. 

In ultrasonic machining, linear vibrations are produced in 
a tool by a transducer. The tool has the shape of the cavity to be 
cut. Cutting is derived frcm the cutting edges of abrasive grains 
flowing between the tool and workpiece. Eigure 1 shows the inportant 
features of an ultrasonic machine, 

A power .source supplies current at ultrasonic fre(pencies 
to the acoustic head. Various vacuum - tube systems are in camaon 
use for this purpose. 

The acoustic head contains the electromechanical converter, 


Thich drives the tool via a special holder (wave guide), Hie feed 
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mechanism applies the necessaory force (5-8 kg) between the tool and 
workpiece. Ihe abrasive feed system brings in fresh abrasive to the 
cutting area, carries ihe particles of material removed and cools the 
tool and workpiece. 

In ultrasonic machining the material is removed by blows 
from grains of a harder abrasive . 03ie abrasive particles are under 
control of a tool ^ich vibrates v/ith a small amplitude# Ofcourse, 
the abrasive also causes wear of the tool, tut this is minimised by 
making the tool of a ductile material. The particles of abrasive are 
themselves split in the process and need to be gradually replaced by 
frash abrasive carried in a liquid. The continuous flow of the slurry 
also serves to flush away the particles removed in the process. The 
material is removed in the form of small particles. As the tool vi- 
brates at a high frequency and a large number of abrasive particles 
are active at a time, the rate of material removal is sufficient for 
practical purposes. Now because the material removal is based on the 
mechanism of brittle fracture of the workpiece , ultrasonic machining 
is particularly ■ suitable for working on brittle materials. 

The ultrasonic machining process has not yet been analysed 
to a sufficient degree of accuracy. T^e present Investigation is 
intended to make a step forward for achieving accuracy in the ana-- 
lysis of the material removal rate in ultrasonic machining* 



CHAPTER H 


LITERATURE SURVEY 

Miller{^ l"^**-gave a semi-quantitative discussion on the rate 
of cutting in ultrasonic ma.chiniQg. He assumed that the particles 
are embedded in the workpiece and tool by the applied force and this 
causes plastic defomiation and work hardening. The hardened parts 
are removed by chipping. The rate of material removal was calculated 
fron the product of the total volume of plastically defoimed material 
by ihe work of hardening per unit volume and the volume removed by 
chipping* 

This theory is not accurate because of some of the assump- 
tions that have been made, Por instance, the dependence of the rate 
on work hardening implies ihat the treatment deals with plastic mate- 
rials. But most materials that are worked by ultrasonic machining 
are brittle. The assumption of all the grains being cubes of the same 
size led him to deduce (incorrectly) that all grains take part in the 
cutting. 

Shaw ^ 2 \ assumed that material is removed primarily by two 
mechanisms due to 

1 . the direct impact of the tool on grains In contact 
with the workpiece and 
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2. the impact of grains accelerated by the tool. In both 
cases, the rate of material removal v is proporticnal 
to the volume V of material dislodged per impact, to 
the number of particles IT making in 5 )acts per cycle and 
to the frequency f : 

T Of TOf (l) 


Shaw assimied that the particles are identical spheres 
of diameter d equal to the mean grain size. Then the 
diameter D of the indentation is given by 

D = 2 [_dhl ^ (2) 


in which h is the depth of indentation. [Hhen 
V ^ Iff 

or V X |dh"7 Iff 


(5) 


Viiiere 


The depth of indentation has been found by equating the 
mean static force to the mean force of impact of the 
tool on the grains. The force of impact of iiie tool has 
been assumed to have a linear relationship T?7ith time# 

Bie expression liius obtained is 




msm (i + q) 


1/2 


( 4 ) 


"F is the static force, 
s ' 

y^ is the amplitude of vibration of the tool, 
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H is tlie hardness of the workpiece 
and q is the ratio of the hardness of the workpiece to that 
' of the tool. 


The number of particles in the working gap is inversely proportional 
to the square of the diameter of each of the particle for a tool of 
fired area; hence 

N = 

in vhich k is the constant of proportionality and C is the concentra- 
tion of the abrasive slurry. 




This theory has been based on a correct conception of the 
process as has been confirmed by subsequent experiments by high-speed 
cinematography . All the same, Shaw did not obtain the correct 
result for the effects of frequency, amplitude and force . In 
particular, the particles are irregular and only a few particles vdiich 
stand out above others, take part in the material removal. Ihe cru- 
shing of grains at hi^ loads causes a fall in the rate of material 
removal. This cause and effect is not reflected in the theory. 
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DUmshin and Barke |^4, 5j tried to relate the energy con- 
su23aed in removing the material from the workpiece to the amplitude 
and force of vibration from the laws of conservation of energy end 
momentum. They considered the vibration of the mass of the concen- 
trator, from the end of tool to the fii*st displacement node of the 
concentrator, in response to an external force. The motion is sino- 
soidal upto the time of the impact. Moreover they assumed that the 
points of contact and separation are symmetricely disposed with res- 
pect to the mazlmum displacement. The theoiy however failed to 
predict quantitatively the material removal rate. 

Kazantsev took into accoimt the non-uniformity in the 
grain size. He assumed there are only some active grains with vdaich 
the tool will contact. Taking a linear relationship between the 
portion of the active grits end the ratio ( ^/2R) (vdiere S is the 
grain depth of indentation and R, the radius of the grains taken as 
spheres), he derived an expression for the material removal rate. 

But his theoretical results did not compare well with liLe experimen- 
tal work done by others. 

Rozenbarg gave a qualitative analysis of the nature of 
damage in ultrasonic cutting. He assumed "that the volume of damaged 
material is dependent on tiae maximal stress and the grain size. 

This means that the inhomogeneity in the grain size has a marked 
effect on the damage. He further gave a statistical distribution 
for an abrasive of any grain size based on experimental evidence: 



P (d) 


1.095 


1 

d 
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vsiiere 



d is the mean diameter of the particles in the working 
gap. 

W is the number of particles in the working gap. 



CHIPTEE III 


THEOEETICAl ANALYSIS OP RATE OP MATERIAL REMOVAL 

IN 

ULTRASONIC MACHINING 


Eae present theoretical analysis of the material removal 
rate in ultrasonic machining is made considering the direct impact 
of the abrasive grains on the workpiece, ttie inhcmogeneity in the 
size of the grains is taken into consideration by the statistical 
distribution of grain size gi^ren by Rozenberg . The grains are 
assumed to be spherical and the grain diameter is considered as the 
parameter denoting their size. 

The material removal rate is determined from the amount of 
material removed by indentation of a single abrasive particle. !I3ae 
total material removal rate (v) has been arrived at by considering 
the active grains taking part in the process using the statistical 
dis tribution H- The expression involYes the ninnber-of pariicles 
(n) in the working gap between the tool and workpiece, and the prozi- 
mity (z) of the tool from the workpiece. Both these quantities 
depend cn the diameter of the abrasive particles. Por conputational 
simplicity, the average number of particles in the working gap du- 
ring the process and Ihe mean distance of ihe tool from ihe work- 
piece have been considered. 
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3.1 Nature of -nATiia^ to the Material 

The mechanism of material removal in ultrasonic machining 
is shoTOn in Figure 2. tool moves down frcm its mean position 

end at some point touches liie largest grains, which are forced into 
the tool and workpie^®* As iiie tool continues to move downwards, 1±Lt 
force exerted on the grains increases as a result of which Ihe grains 
m^ fracture. Eventually the tool comes to rest at a distance from 
the surface of the job corresponding to a certain maximum contact 
force as shown in Fig’^is 2. 

Ihe distribution F (d) for the diameier d of the abrasive 
particles in the working gap is given by 7 "j . 

F (d) = 1*095 jj - 

where 

N is "the number of particles in the working gap between 
the tool and workpiece. 

and d is liie mean diameter of the particles in the working gap. 

It has been assumed that the abrasive particles are Inccm- 
pressible. Hence the total depth of penetration by an abrasive 
particle of diameter b is 

i = (d - x) (3.2) 

® t w 

■^ere 

X is the distance between the workpiece end the tool. 
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^ is the depth of indentation in the tool and 

is the depth of indentation in the work piece » 

■Without the abrasive grains in the working gap, the tool 
motion is sinusoidal with amplitude as shown in Figure 2, 

y = Eq sin 6 (3.3) 


Even the force between the tool and 1±ie abrasive 

particles is effective only during a small portion of the cycle and 
may alter the free sinusoidal motion, however it is assumed "tiiat 
the motion of the tool remains sinijsoidal with amplitude inader the 
loaded caaditions also. 


Olie contact force acts only over the portion of the cycle 
between and Tr/2 as shown in Eigure 2 causing plastic defoliation 
in 1iie tool and woiiq)iece, Hius during this active portion of the 
cycle, tile total depth of indentations is given by 

^w ^^t = y^s ' 

#iere 

y is the distance the tool has moved downwards from its 
s 

mean position before it touches the large i^abrasive 
particle. 

3.2 !Bhe Machining Bate 

Eigure 3 shows the geometry at the grit - wort interface 
after indentation. Ey singile geonetiy, we obtain the relationship 
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r 

w 



1/2 



For small Talues of the radius r of the contaot indentation 

zone in the workpiece is 


"■w = '*] (5-5) 

Ehe Tolme Vq fractured per grit is given by -the vshole of the hemi- 
spherical portion (shown shaded in Pigure 3) during indentation 8 . 
Hence 

^0 “ I 7T d)3/2 ( 5 . 6 ) 

To deteimine^ , we find out a relation between o end a . , 
w' w t 

Let H. and H denote idle brittle fracture hardness of the tool and 

u W 

workpiece respectively* Bie brittle fracture hardness is defined by 
tile average contact stress for fracture (figure 3)* Hence 


^ere r 


w 


piece * 



” -E [d - (d^- (a 

is the radius of the contact indentation zone in the work*- 


Now substituting the value of r^ from equation (3*5) we 


get 
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I d - (d -4 ^d) 




: 4i 1/2] 

-^) J 


TTd r 3 , ^ ^ w 

_ u - a +-J- 


Ab — — is very small as compared to 1, hence its higher powers 
be neglected. Thus 


H = — ^ 

” 7r<S a 

w 


. . F = k i 


vile re 


k =7Td H 
w w 


(5.7) 


(3.8) 


Similarly it can be derived that 


T?diere 






Dividing equation (3.8) by equation (3.9) we get 

1” A ii_ 

St ~ \ ”, 

. . ^ = Q ^ t 


(3.9) 


(3.10) 
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where 




q is the haxdness ratio, 
Prom equation (3.2) 

<St i W = 


H 


w 


or 


» 

« • 


V7 


S = (d - x) 


(h - 

(1 + q! 


(3.11) 


Now the material removal rate mm/min by abrasive grains 
of diameter d is written in terms of the volume removed per grit iiie 
number of abrasive particles of that diameter in the working gap and 
the frequency f as 


Vj = Tq P (d) f 

The active grains taking part in the material removal process 
are those having diameters between x (the distance between the tool 
and workpiece) end d^ (the maximum diameter of the abrasive grains). 
Hence the total material removal rate v mm/min considering all the 
effective particles of all Ihe sizes is 

( “ 

V = j Vq P (d) f dd 

X 


( ^ I (S d)5/2 


095 1 


r 


.1 - 1 ) 

L d 

Substituting the value of frcm equation (3.11 ) in the above 




dd 


expression we get 
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(3.12) 


The solution of the integral in the above expression is given in the 
Appendix. 


The final result is as follows : 


(8 - 12 I3 . 6 Ig - j 


m 


(3.13) 


where 


n 


o 1 (sec b)^ ^ tan^ b 3 (sec b)^^ ^ tan b 
- 2 ^ ^ (2n-3) T2n'“D"l^"-"ir" 


2n-2l+1 
tan b 


^ .. ■ T. (^) ' - 1 ) (sec 

2^ [n t] 2 (2,,21+1) - ^ ^ 

T^^)'\2n-1) ^ ^^ ••• ;Y2 (Bee b + tan b)^ (3.14) 


n 

k 

b 


7, 8, 9, 10 

X / d 

-1 ■‘/2 
sec (d/x ) 


(3.15) 
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3*3 The Average of Particles In the Working G-ap 

The average wei^t of an abraeive particle is found from 
the distribution function of the diameter of the abrasive particles* 
If the concentration of the abrasive slurry is given in terms of 
percentage by wei^t, the average rmiber of abrasive particles in the 
working gap between the tool and the workpiece can be determined as 
follows : 

If the diameter of the tool is D and the distance between 
the workpiece and the tool is x at mj Instant of time, then the 
volume in Hie working gep containing 1iie abrasive slurry is 



Let C be the concentration of liie abrasive slurry by wei^t 

(liiere are C kg. of abrasive in one kilogram of iiie liquid). If 

is liie density of liie abrasive and is the daisity of Ihe liquid in 

1 C 3 

the abrasive slurry, then in ( — + — ) nrm^ of abrasive slurry there 

C 3 fa 

is ( — ) mm of abrasive, 
a 

Hence 


Y = ^ 

a (n_ + -C ) 

^f 


TfD^ 


!I3ie weight of Uie abrasive particles 


in Ihe working gap at 


any instant of time t will be : 
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■W , = V X P = z ^ 

■fc a a / 1 C > 

V p p ^ 

f -^a 


TTp" 


4 


(3.16) 


lEhe number of particles in tbie working gap at sny instant 


of time is 




^t = 


w 


(3.17) 


^ere 

w ie the average weight of an ahrasive particle ♦ 

Now the volume of an abrasive particle of diameter d is 


V' (d) = ~ 7T (d/2)^ = d^ 

The weigjit of this particle will be 



Hence the average weight of a particle will be 


where 



d.Q is the •mi'niTmrm diameter of the abrasive particle 
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where 




d5 - 

m 0 


-) - 




.8 ,8 

-ag 


8 


+ 



d 



(3.19) 


Thus substituting the value of from equation (3»16) and 
w from equation (3.18) into equation (3.1?) 


H 


t 



) (■ 



d 

-057 


) 


( 




( 3 . 20 ) 


Ifow frcm figure 2 

^ - y) 

or = X + (l - sin o) 

. . = (x + - Sq sin Q (3.21) 

In equation (3.20), is a function of time only due to x^. 
This working gap distaace (x. ) at any instant of tine will decrease 
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wiliL time. The avera^ working gap distance in the period between 
"the instant when the tool touches the largest abrasive grain the 
time when it . stops at a distance z frcan the workpiece is 


— f r 1 

Z = j j^(z + a^) - a^ sin ej d© / (^/2 - ©^) 

■®1 

where 

e = sin”"' ( ) 

0 

^ \ + ’'I 


^ = <== + ^0^ - , TT 


Bq cos 




( 3 . 22 ) 


Hence iiie average number of particles in the working gap can be given 
as 



( 3 . 23 ) 


in which I Is given by equation (3«22) and the value of Integral by 
equation (3*19), 

3«4 The Proximity of ihe Tool from the Workpiece 

The distance X of the tool from the workpiece can be deter- 
mined by equating the impulse due to the static force E over the 

s 

entire cycle to the impulse due to the variable contact force 
acting over the contact portion of the cycle , 


The iiipulse due to the static force during the entire cycle 


will be 

M = p (5.24) 

s 00 s 

Again the impulse due to the contact force over the contact portion 
of the cycle will he 




M = 
c 








k dt 

w w 


Substituting the value ot S ^ from equation ' (3. 11 ) we get 



From the equation (3.21 ) we know' that the distance between the tool 
and workpiece at any instant of time will be 


^ = (x + a^) - a^ sin © 

This will also represent the diameter of the particle of abrasive 
contact with the tool at that instant of time. 


Hence we get 
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- dx 


at = — 


:l 

O) 


j Uq sin © - (x + 2a^) eln © 


+ ( X + a^)) a © 


^ a^ sin 2 © 

~ Co ^ 4 + S'Q (3!: + 2aQ) cos © 


+ ao (x + I a^) © ) [ 


7^/2 


©. 


^ Aq sin 2 ©^ 

“ nr ^ 


- ^/2 )) (3.26) 

Now equating (3.25) ana (3.26) 


= M 
s c 


We get 


2 TT 


P = 


^ ^w , ^0 2 ©, 


s nrr+iT 


( 


“ ) - an (x + 2a^) 


Q/ COS ©^ 


Or 


w 


^0 -"I ^ 0 ^ )) 

n 2 © 

1 2aQ cos +1 ( ©^ - 75/2)) 

- ( a^ cos ©^ - a^ ( ©^ - 7i/2)) 


2 ( 1 + q) 2 Q 

5 = ( — 


X 





SQ- t 2^^ cos '-h 2. . a| ;, ' 


- a^.- {oo3 > MlV)\ ± . : >> .-^ .,, 


■where' 


.-I:.'.- ' '■ ' 

%: - aiti ■ ^ 
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CHAPTER IV 


EXPEHIMEHTA.I SET-UP AHD THE RESULTS OF EXPEEIMEHTS 

The experiments in the present investigation have been 
ccaaducted on 200 watt Cavitron Ultrasonic Drilling Machine to study 
the effect of frequency, concentration of abrasive slurry and static 
force on the material removal rate. 

4.1 Description of the Experimental Set-up 

The different instruments in the experimental set-up are 
shown in the photograph- in Eigure 4. 

The power supply to the machine is from a Vacuum-tube ^nerator, 
Liput power to the generator is from a single phase, 60 cps 120 volts 
power supply. IBie generator ccnsists of an electronic oscillator vhich 
sets up an alternating current at low power and an amplifier which 
inoreeses the power to produce mechanical oscillations in the trans- 
ducer. 

The transducer is a unit in the ultrasonic machine viiere 
conversion of electrical energy to mechanical energy takes place. 

The transducer consists of a special shaped magnetos trictive material 
surrounded by a coil wire carrying a low voltage D.C. polarizing 
current and a high frequency alternating magnetic field. The ccn- 
version of energy takes place wiHiin this material, producing minute 
linear changes in length in step wiih the alternating field. 
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0?he magnetos trie tive material is brazed to a connecting 

body called the v/ave guide. The wave guide is designed to re#eiTe, 

transmit and amplify the length changes in the transducer material. 

A removable tool holder and tool, continues the transmission, further 

* 

amplifying the stroke at the tool tip . 

* 

In effect, the entire length of these elements react in 
much the seme manner as a rubber bend being alternately stretched 
md allowed to return to its normal length at a very rapid frequency. 

A recirculating pumping ruait supplies abrasive slurry to 
the tool and workpiece, Dae transducer is cooled by a water coolant 
system in the head of the machine. 


4.2 Experimental Procedure and Results 


The amplitude of the tool motion is measuied by. a •alibra— 
ted microscope attached to the machine. The frequency of the tool 

motion is determined by a frequency counter. Tli* ^enetrAtion "tooi 

i n ^Vi«, WbfrV^ec,^ (S a. dial or>tKc ifr»oicViivic - 

Boron Carbide of 400 mesh has been used se abr*oive with . 


water, as the slurry for machining^ * 

Three experiments were conducted on Jhe above set-up; 
A. To study the effect of static force on rate odt 
machining, the frequency (25.5 Kc), amplitude 
(.0625 mm) and cancentraticn of the abrasive 
slurry (.25) were kept censtant. Die Static 
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load was increased in steps, and at eajch stage 
the rate of penetration of the tool in the woit- 
piece (mm/min) noted froir. the dial reading in the 
machine, Ihe result has been given in iiie graph 
in Figure 5, 

B. The effect of frequency on the rate of machining 
was studied by keeping the amplitude (.06'25™i)j 
the concentration of the abrasive sluriy (.25) and 
the static load (.454 kg) constant. The frequency 
was varied by the tuning device in the oscillator 
and "the rate of penetration of the tool in the woit- 
piece for each value of frequency. Figure 6 gives 
the result in the graph. 

C. The frequency (25.5 Ec), anplitude (.0625 nim) and 
static load (.454 Kg) were kept constant to study 
the effect of concentration on rate of machining, 

!Dae concentration of the abrasive slurry was varied 
from ,125 to ,5 in steps of .125. At each step 

Ihe rate of penetration of 1±Le tool in the workpiece 
taken down. The result has been plotted in lire 


graph in Figure 7 



In. figure 5,6 and 7 ihe tiieoretdcal curves have also 
been, plotted frcm the equations (3,13), (3,14), (3,15), (3,23) 
and ( 3 , 27 ) using the following values of the constants: 

1, Hardness of tool “ 150 Kg/mm^ 

2, Hardness of workpiece « 600 Kg/nm^ 

3, Densit 7 of abrasive (Boron carbide )=» 4,0210 Kg/mm^ 

4, ^Majojnum Id.ameter of abrasive (400 mesh) ,047 Bm 

5, Minimum Diameter of abrasive (400 meah ) .-.032 im 

Hae first constant has been taken from the mannal 
with the machine, the second and third frcan ^Sigineering 
Materials’ Handbook" and the last two constants from "Soil 
Mechanics" by James B. Bowles. 







GIUPTER Y 


DISCUSS lOTS 

There is an optirrum materiel removal rate corresponding to 
a certain static load as can be seen from the experimental curve in 
I'igure The theoretical curve in the figure depicts an indefinite 
increase in the material removal rate as the static force increases. 

The reasons for this discrepancy are as follows: 

1. The ciushing abrasive grains as the tool moves down- 
wards has not been considered in the analysis* This 
phenomencm is particularly responsible for the fall 
in the material removal rate at higher static loads* 

2. The analysis assumes, the amplitude of the sinusoidal 

tool motion under loaded conditions seme as “that in the 
case of free sinusoidal motion of the tool* In actual 
conditions “the amplitude of the tool motion may change 
Tshen “the abrasive particles are introduced in “the work- 
ing gap* The cutting rate decreases as “the sanpliiiude 
decreases * 

Drcan 1he experimental curve in Digure 6, it is seen liiat 
the relationship be*bween the cutting rate and “Uie frequency is linear* 
The “theoretical result also shows similar trend but “ftie values are 
higher “than the experlmen“bal ones. This is because the analysis does 
not consider the effect of change in statistical distribution of “Qie 
abrasive particles in Ihe working gap due to the crushing of grains 


as “the tool moves downwards 
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* The experimental rate of material remoTral increases wilii 

tlie increase in concentration of the abrasive sluriy (p^Lgure 7). 

The rate of cutting however beccmiee asymptotic near about a concen- 
tration of .50 . The experiments were conducted in the range of the 
resonant frequency (24.8 Kc. to 25.5 Kc.) becgoise outside this range 
the cutting rate is very slow and difficult to measure. The theore- 
tical curve shows a higher rate of increase in the cutting rate with 
increase in the concentration of 1he abrasive slurry and does not 
depict the asymptotic behaviour. The reasons for this are : 

(1 ) In the analysis, the effect of increasing Ihe packing 
density of the abrasive particles in the working gap 
has not been considered. Por example, if the ccncen- 
tr^rtion is 10C^ by weight, there will be either no 
cutting at all or else it will be very negligible, 

(2) The whole analysis in the present dissertation has been 
based on only the direct impact on ihe abrasive grains 
by the tool. The material removal due to the iii 5 )act of 
the abrasive grains accelerated by the tool has not been 


taken into accorint 


GHAPTEH VI 


concurs IONS AITI SUGGESTIONS 


6.1 Conclusions 

The optimuni rate of material removal using 4-00 mesh Boron 
Carbide, at a frequency of 25*5 Kc and amplitude of .0625 for 

glass is 0.6502 mm/min corresponding to a static force of 0.32 kg. 

The theoretical curve between liie rate of penetration of 
the tool into the workpiece and static force shows the same trend as 
the experimental curve for static force below 0.40 kg* After this 
p^^int there is a gradual increase in the theoretical rate as the sta^ 
tic force increases v.here as the experimental curve shows a fall in 
the rate of material removal with increase -in static force. 

Both the theoretical end experimental results ccnfinn a linear 
relationship between the rate of material removal and the frequency of 
vibration of the tool. 

The rate of material removal increases with the increase In 
concentration of the abrasive shzrry, but near about a c cncentration 
of .5Cf : the experimental curve becomes as 3 miptotic. The theoretical 
results depict the increasing trend but do not show the asymptotic 
behaviour. 

6.2 Suggestions 

The Opt imam rate of material removal for various materials 


can be found with different abrasives. The results will give the 
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best cutting caoditions for the various materials. 

Ihe material removal due to the impact of moving grains 

ft 

accelerated by the tool can be incorporated in the analysis to give 
better results. 

During the cutting process, abrasive slurry can be taken out 
after a fixed interval of time, dried up and the size distributicn of 
the abrasive particles determined. This abrasive can be used again for 
cutting. Thus in this way, the change in the statistical distribution 
of the abrasive particles can be determined as a function of time* The 
cutting rate can then be analysed better. Moreover, the time for ^ich 
the abrasive slurry can be used continuously for cutting effectively 
is also found out# 

The amplitude change in the tool motion, when the abrasive 
particles introduced in the wo riding gap, can also be determined 
theoretically as well as experimentally to do a better analysis of Ihe 


material removal rate 



AEEEKDIi: 


Solution of Integral in Equation 3.12 



Let 


u = d/ d and k = x/ d 


4 ^ m 

^ / ! 

X 

d 

r 2 

L“ - 


1 - 

K- 

(u - 1 J ^ du 


II 

M'-. ^ 

r 2 

u - 

-,3/2 
ku j 

[sa^ 

4 5 6 ■ 

- 12u + 6u^ - u 

J du 

r 

= 8 d j 

X 


[u^ - kuj 

1 

/r m 

du - 12 d J u^ 

X 

r 2 ,3/2 

- kl^ 


A 5r 2 75/2 _ 4 /m -3/2 

du + 6d j u|_u-ln^ du-d / In^ du 

X 2; ^ 


Let us evaluate the general integral 



where 

n = 3 , 4 , 5 , 6 

Wc make the following substitution 
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{I3ien, the integral’ becones 


, n 2n V 2 2 2 

k sec b ^ sec b tan bj 


2k sec b tan b db 


= j (sec 

= P ^ (sec b)™ (tan b)^ db 


where 


El = 2n + 5 
m = 11, 13, 15, 17 


P = 2k 


_n+4 


= P 


= P 


= P 


tan^ b ^ (sec b)™""* sec b tan b | dbj 

T tan^ b sec™ b ^ { m._.2. 2 1 

^ — I sec b 3 tan b sec b db| 

tan^ b sec™ b 3 / , C m+1 . 7 1 

I ml ^ I ^ ^ b? dbl 

r ban^ b 
L m 


m m+2 

sec b _ tan b sec b 

m (m+2) 


We solve tile integral in the above expression as follows : 


sec 


irL+4 


r 

b db = j (sec b)™'*’^ (l + tan^ b) db 

= J^(sec by^"*^^ tan^ b db + ^ (sec b)™^^ db 
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^ tan b (sec b sec b tan b"^ 


f m+2 

db + } (sec b) db 


ten b (sec b)™"^^ 1 , ^m+2 2 , , .Tn +9 

(^ + i) - ^sec b) sec b db + (sec br db 


m + 3 \ m+4 

^ \ Bee ^ b db = 


I o ^ 

(sec b) tan b , f ^ , vin+2 

2) db 


(sec db 

J (sec b)™^^ db 
J (sec b)^ db 

J (sec b)™~^ db 


(sec b)“^~21+8 


(sec br^ tan b . m + 2 

(m + 3) m + 3 


(sec b)’^''’^ db 


(m + 1 ) 

m+1 j 

(sec b)^ ^ tan b 

ia-2 

(m - 1) 

' m-1 

(sec b)^ ^ tan b 

, m-4 

(m - 3) 

+ — — 
m-3 


(sec -|;q^ ^ m - 21 + 6 

111-21 + 7 "^111-21 + 7 


( / , \m-21+6 

} (sec b ) 


db 


(sec db 


_ (sec ten b , m ^21 + 4 


m - 21 + 5 


m - 21 + 5 


m-21+4 

(sec b) db 
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If (m + 4 ) is odd (which is the case) then 


(sec b)'^ db = 


sec b tan b 1 ( 

2 "2 ) ^ 


sec b db = In (sec b + tan b) 


Therefore, we have 


j-u (ssc b) tan b , (m + 2 ) ; , 'im , 

' W * 3) * ' Im Ts ) V 1 ) ’’ 


(m+2) m ! , ^m-2 . 

^ "(mV3)' (m+l) (m-l) ^ 


(m+2) m (m-23 / , ^m-4 , 

■" tm+3) (m+l ) U-l) (m-3) 


(m +2) m (m - 2) — “ (m - 21 + 6) 
(m+3 ) (m+1 ) (m-1 ) (m-3 ) — (m-21+5 , 


(,sec t ) ) tan b 


(m+2 ) m (m-2 ) — - (m-21+6 ) — - 3 
(m+3 ) (m+1 ) (m-1 ) - — (m-21+5 ) 2 


^sec b tan b + In (sec b + tan b^ 


We can reduce the coefficient of 1 term to the following foims 


(m + 2) m (m - 2 


m- 21+6 
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Substituting this Talus of m in the coefficient of term 

(2n) ' 

2^|^n (n-l) (n-2) (n-j) ... (n - 1 + (2n - 21 + l) I 

= (2n) J [(n - 1) ll ^ 

2^ l^n 1 } ^ (2n - 21 + 1 ) i 

(see db = I: (2b) : [(n - 1) ;1 ^ 

1=1 2-^ ^n l] (2n-21+1 ) ’ 


tan b 


(2b) ! 

tb s'- 


In (sec b + ten b) 


Uow, we have 

m = 2 n + 5 
m = 2n - 5 
. • n = IT +4 


n r 2 
u u - 


1 3/2 ^ 2k^ |^ (8ec b)^~^ tan^ b _ 3 (sec b)^""^ tan b 




(2n - 3 ) ^ “ (2n - 3 ) (2n - l) 


3 y (2n) I t(n-l) ll ^ 

(2n-3 ) (2n-'1 ) 2 ^ j^n ij ^ (2n-21+1 ) I 


/ , N2n-21+1 , , 

(,sec b J tan b 


^ (2n - 3 ) (2n -1 j 


— „ In (sec b4- tan b I 

2“£n i ^ 


Hence the solution of the given integral is 
_ 4 

d ( 8 - 12 Ig+ 6 Ig - 1^0 ) 


m 
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TTlieiB 


I = 2 k' 


n 


n t (sec ^ tan^ b 3 (sec b)^ tan b 

t (2n - 3) (2n - 5) (2n - 1 J 


I, . (^ 1 ^ (s,^ h)2“-21+ltao b 

(2n-3) (2n-0 2^ ^ l} ^ (2n-21+0 I 


(2n-3} (2n-l) 


(2n) I 


t -1 


In (sec b + -tan, b) 


n 

) 


11= 7, 8, 9, 10 


k = s / d 
b = sec""' [( d / X 
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